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Abstract 

The charge form factor of 6 Li nucleus is considered on the basis of its cluster structure. The 
charge density of 6 Li is presented as a superposition of two terms. One of them is a folded density 
and the second one is a sum of 4 He and the deuteron densities. Using the available experimental 
data for 4 He and deuteron charge form factors, a good agreement of the calculations within the 
suggested scheme is obtained with the experimental data for the charge form factor of 6 Li, including 
those in the region of large transferred momenta. 

PACS numbers: 
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The extensive studies of the nuclei with a— cluster structure have started since the for- 
ties and different theoretical models have been developed till nowadays. Among various 
a— particle models (APM) that must be noted are, for example, the single APM (with ready 
a— particles inside the nucleus, e.g. [3]), the dynamical APM of point-like a— particles 
interacting by a— a potentials with solving the Schroedinger or Faddeev equations (e.g. {4]), 
the microscopic APM of Brink, Bloch and Margenau (e.g.Q]), and others, including more 
recent approaches (e.g. |6j] ) . However, though a great number of works within the APM 
have been devoted to the structure and interactions of such nuclei, many questions remain 
open and deserve further work. This concerns even properties of long-time investigated nu- 
clei, such as the 6 Li nucleus. It is known that the structure of the 6 Li nucleus has some 
peculiarities compared to the other lp-shell nuclei (see e.g. 

elastic electron scattering data [13:] on the charge form factor and the rms radius of 6 Li can- 
not be explained in the framework of the shell-model by means of an oscillator parameter 
Tiuj = 15 4- 16 MeV, the latter providing a good description of these data for the other 
lp-shell nuclei. The usage of another value of hu, the same for the s- and p- nucleons, as 
well as of two different oscillator parameters for the s- and p-shells is also not successful. 
The situation is similar in the case of the inelastic form factors. The wave functions of the 
low-lying states of 6 Li are significantly different from the commonly accepted and used shell 
model wave functions. This fact is important for the analysis of the (p, 2p), (p,pd), (p,pa) 
reactions on 6 Li, the photonuclear reactions, the ( 6 Li, d), ( 6 Li, a) reactions and others. 

It has been estimated that 6 Li has a well pronounced cluster structure and is considered 
generally as a system consisting of a— and deuteron clusters in a mutual motion exchanging 
nucleons. The small value of the decay threshold 6 Li — ^ a + d, the large nuclear radius, 
etc. give evidence that the a— and d— clusters in 6 Li are quite isolated. In another of the 
cluster models, the Model of Nucleon Associations (MNA) (e.g. 12[), the problem of the 
role of the exchange has been studied by analyzing the elastic and inelastic form factors of 
the Coulomb electron scattering. The antisymmetrization effect turns out to be substantial 
only at large values of the isolation parameter x ~ 1, where x = b/a is the ratio between 
the relative motion function parameter b and the a-particle function parameter a. At the 
real value x = 0.3 -j- 0.4, the exchange effects are already of no importance. In MNA the 
value x = 1 corresponds to the shell-model structure of 6 Li, while x = corresponds to 
the cluster model (a — d structure). It has been found that the isolation parameter x has 
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different values for nuclei with cluster structure. For instance, x = 0.5^-0.6 for 9 Be, x = 0.7 
for aad , = 0.8 for -O Q Q. The elastic scattering charge forer facto, although 
being sensitive to the value of x, can be described by different models due to the fact that it 
is obtained on the base of the charge density distribution that is averaged over the angular 
variables. The form factor of the inelastic quadrupole scattering, however, strongly depends 
on x and cannot be described within the shell model. The MNA provides a good rms radius 
of 6 Li [3] and with the above values of the isolation parameter (x = 0.3 4- 0.4) allows a 
proper simultaneous description of the electron elastic and inelastic scattering but only up 
to transferred momentum values q ~ 2 fmT 1 . 

The aim of the present work is to suggest an approach in which the a — d cluster structure 
of 6 Li to be checked by calculations of the charge density and the corresponding charge form 
factor. We construct a scheme in which the charge densities of 4 He and the deuteron are 
included and the available experimental data for them can be used to calculate the 6 Li 
charge density, the charge form factor and the latter to be compared with the experiment. 
In this sense, our work has a meaning of a 'theoretical experiment' to check the particular 
cluster structure of 6 Li by a comparison of the results of two different suggestions with the 
empirical data for this nucleus. 

In Section [J the theoretical scheme, the results of the calculations and a discussion are 
presented. The conclusions are given in Section [Til 

I. CHARGE DENSITY AND FORM FACTOR OF 6 LI IN RELATION TO THOSE 
OF 4 HE AND DEUTERON 

Considering the problems in the description of the 6 Li charge density and form factor 
briefly mentioned above, we made an attempt to study these quantities on the base of the 
corresponding ones for 4 He and the deuteron within the framework of the a — d cluster 
structure of 6 Li nucleus. 

Our first attempt was to describe the charge density of 6 Li within the framework of the 
often used folding procedure. In our case it is a folding of the charge densities of 4 He and 
the deuteron: 




(1) 
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The charge densities in Eq. are normalized to the number of protons Z [Z = 3, 2 and 1 
for 6 Li, 4 He and the deuteron, correspondingly). Substituting 6 Li charge density Eq. (JTJ in 
the definition of the charge form factor 



F ah (q) = I / dr e^p* (?) 



we obtain 



in which the exponentia 



■A^U« 2 /(^ 2/3 ) 



F£(q) = Ft He (q)F?(q)e 



(2) 



(3) 



rections according to 



factor approximately accounts for the centre-of-mass (cm.) cor- 



we use the available ex- 



In our calculations of the charge form factor of 6 Li (Eq. ([3]) 
perimental data for the charge form factor of 4 He (see e.g. [l8( and references therein), 
as well as the experimental data for the charge form factor of the deuteron. The latter are 
those from the Thomas Jefferson Laboratory experiments in which the deuteron charge form 
factor was measured for a first time to a transferred momentum value up to q = 6.64 fvrC 1 
and the node of the form factor was observed (Abbott et al. 



19 



201]). In our calcu 



for the deuteron charge form factor we use a best fit parametrization obtained in 
represented by Eq. g]) - Eq. (JHJ [2l|: 



at ions 



2l|. It is 



(4) 
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F: h ( q 2 ) = l-a-(3 + a^- 2 +P^- 2 , (5) 

m£ + q 2 m| + q l 

where and m<j, are the meson masses (m u = 0.784 GeV and m<j, = 1.019 GeV). For any 
values of the two real parameters a and (3 

F?(0) = 1 . (6) 

The factor g in Eq. (T4j) has the form 

9(i 2 ) = 2 u ( 7 ) 

(1 + ^q 1 ) 6 

and 7 and 5 are also real parameters. 

The requirement of a node for q% m 0.7 GeV 2 gives the following relation between the 
parameters a and (3: 



The values of two sets of the parameters a, (3, 7 and 5 obtained in 21] by a best fit to 
the experimental data, which are used in the calculations of the present work, are given in 
Table 1. 



TABLE I: The values of the parameters a, (3, 7 and 5 in the parametrizations I and II, obtained 
from the global best fit in 21[ (the values of a are derived from Eq. ©). 



Set 


a 


P 


7 


5 


I 


5.75 ±0.07 


-5.11 ±0.09 


12.1 ±0.5 


1.04 ±0.03 


II 


5.50 ±0.06 


-4.78 ± 0.08 


12.1 ±0.5 


1.05 ±0.03 



Recent Large-Scale Shell-Model (LSSM) calculations of 22j and the analysis of the elastic 
and inelastic electron and proton scattering data from 6 ' 7 Li have proved the 'clustering' 
behavior of these systems. In our work 23( proton, neutron, charge, and matter densities of 
a wide range of exotic nuclei obtained in the Hartree-Fock-Bogolyubov method and in the 
LSSM (for He and Li isotopes) have been used for Plane- Wave Born Approximation (PWBA) 
and Distorted- Wave Born Approximation (DWBA) calculations of the related form factors. 
This makes it possible to analyze the influence of the increasing number of neutrons on the 
proton and charge distributions in a given isotopic chain. The obtained in [2.3,] theoretical 
predictions for the charge form factors of exotic nuclei are a challenge to their measurements 
in the future experiments on the electron-radioactive beam colliders in GSI and RIKEN in 
order to get detailed information on the c harg e distributions of such nuclei. 



The available experimental data 



18, 



24 



25 



29 



30] for 4 He and 6 Li charge form 



factors are presented in Fig. [T] in comparison with the results of our PWBA and DWBA 
calculations from 23fl. One can see a good agreement with the data up to q ~ 3 fmT 1 . 

nn 

In Fig. [2] are presented the experimental data for the deuteron charge form factor [19|, |2fJ 
and the result of the parametrization from 2l(] up to q ~ 3.8 jm~ x (with parameter sets I 
and II from Table 1). 

In Fig. [3] are given our results for the squared charge form factor of 6 Li calculated by using 
of Eq. ([3]) (taking account of the cm. correction) and the experimental data for the charge 
brm factors of 4 He and the deuteron. For the latter we used the same parametrization from 
2JJ Eq. (j3J) - Eq. (JSJ) with two sets of parameters I and II from Table 1. A good agreement 



with the experimental data in the interval of transferred momentum < q < 2.7 fin 1 can 
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FIG. 1: Charge form factors of the stable isotopes 4 He and 6 Li obtained in 23] using LSSM 



densities in PWBA and in DWBA calculations in comparison with the experimental data 



18 



24 



26 



27, 



28 



29 



be seen and a disagreement with the values of the form factor for larger q's that are related 
to small values of r's, i.e. to the central part of the nuclear density. In other words, the 
central density can be different from the assumption for the folding density (Eq. (TjQ)). We 
note the similarity of the results (compared with the data) of the calculated charge form 
factor of 6 Li for q < 2.7 fm~ l from the present work (shown in Fig. [3]) with those from 23 ] 
(shown in the down panel of Fig. [1]). 

The results shown in Fig. [3] were the reason to look for an extension of the approach. Our 
second suggestion was to consider the charge density of 6 Li as a superposition of a folding 
term and a sum of the charge densities of 4 He and the deuteron with weight coefficients c\ 



2 3 

q (fm- 1 ) 



FIG. 2: The charge form factor of the deuteron calculated using two sets of parameters a, (3, 7 
and 6 (with values given in Table 1) and compared with the experimental data [19I . I20I up to 
q « 3.8 fm^ 1 . 

and C2: 

The normalization of the densities in Eq. ([9]) to Z leads to the condition for the coefficients 



Pt (0 = \c x I df'p? He (f - r ') pf (?) + c 2 [ pt He (r ) + pf (f )] . (9) 



ci + c 2 = 1. (10) 

Using the charge density (Eq. (jUj)), the following expression for the charge form factor of 
6 Li (with the account for the cm. correction) is obtained: 

KM = {°iKM F t(<l) + I [2F$M + Ft(q)]} . (11) 

For q = 

F£(0) = 1 . (12) 
The squared charge form factor can be written as: 

\Ft L M) \ 2 = A + B + C, (13) 

where A, B and C represent the contributions to the charge density of 6 Li of the folding term 
(A), of the sum of the charge densities of 4 He and the deuteron (B) and the interference 
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FIG. 3: The charge form factor of 6 Li calculated by using Eq. ([3]) and the experimental data 
for the charge form factors of He and the deuteron in comparison with the experimental data 



( 



24 



25, 



26, 



29, 



ad). 



term (C). Their explicit expressions are: 



A = ci | Fi^ e (q) | | F° h (q) | z e 



2 p g2/(2A 2 / 3 ) 



C 2 



B = | Ft H M I + I Ff{q) r + 4 | F£(g) || F?{q) |] e 



9 2 /(2A 2 / 3 ) 



C = -c lC2 | F£.(g) || Ff (g) | [2 | | + | F?{q) |] e^ 2/3 ) 



(14) 
(15) 
(16) 



In the following Fig. |4] are presented the results for the squared charge form factor of 6 Li 
calculated using Eq. ( fl~3l) - Eq. (|T6l) and the experimental data for the charge form factor of 
4 He, of the deuteron and with different sets of the values of the weight coefficients c% and c 2 . 
The fit of Eq. f|T3|) to the experimental data reveals an interval of values of c\ = 0.975^0.985 
and, correspondingly, of Co = 0.025 -r- 0.015, for which the results reasonably agree with the 



experimental data [18 



24 



25 



26 



29 



30] within the limits of the experimental errors. In our 
opinion, a more reasonable result is obtained for the case with c\ = 0.979 and c 2 = 0.021. 
For the latter we also show in Fig. [5] the contributions of the three terms A, B and C. 

The results presented in Fig. H] and Fig. [5] prove that the contribution of the folding 
density to the charge density of 6 Li is about 97.5 -j- 98.5%. This corresponds to the weight 
of the contribution of the sum of 4 He and the deuteron densities of about 2.5 1.5%. It is 
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FIG. 4: The charge form factor of 6 Li (Eqs. (HQ - (USD) calculated for c x = 0.975, c 2 = 0.025 



(dotted line), a = 0.979, c 2 = 0.021 [solid 



experimental data are taken from 



18, 



24, 



25, 



ine), and c\ = 0.985, c 2 = 0.015 (dashed line). The 



26 



29 



seen that the term A (Eq. (fT4"|) ) describes well the squared charge form factor of 6 Li in the 
interval < q ^$ 2.7 fm" 1 , while the shell-model cluster density (related to the term B, Eq. 
(|T5|) ) is important for the description of the charge form factor of 6 Li for the large values of 
Q {q ~ 3/m _1 ), related to the central nuclear density. The interference term C (Eq. (jl~6l) ) 
has a contribution to the charge form factor of 6 Li for q > 3 ]mT x . The increase of Ci within 
the above interval leads to a better description of the data for q = 1.8-^2.9 fm , but at the 
same time to a decrease of the values of the squared 6 Li charge form factor for q 3/mT 1 , 
underestimating the data. 

As known, the value of the obtained rms radius is a test for the consistency of any 
approach to the description of the nuclear system structure. The charge rms radius of 6 Li 
is given by the expression: 



dfr 2 pt Li (r) 



(17) 



Substituting the expression for the charge density of 6 Li (Eq. (Q) in Eq. (jTTj) . we obtain: 



c 2 



(r-U = ci [« e > + (rl)) + i [2 (rl He ) + (r 2 d )] 



(18) 
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FIG. 5: The same as in Fig. d]for c\ = 0.979, C2 = 0.021. The contributions of A, B and C terms 
are presented. 



The usage of the experimental data for the rms radii of 4 He and the deuteron 25|, |31[ : 

(rl H f /2 = 1.676(8) fm, 
(r 2 d ) 1/2 = 2.116(6) fm 

in Eq. (|T8|) (with C\ = 0.979 and C2 = 0.021) leads to the following value for the 6 Li charge 
rms radius: 

(r 2 6 J 1/2 = 2-684 fm, 

which is in accordance with the experimental estimations for the charge rms radius of 6 Li 



2a 



3l|: 



(rlj 1 / 2 = 2.57(10) fm. 

This could be expected due to the use of the experimental charge densities of the deuteron 
and 4 He, being combined in a realistic theoretical scheme that gives a good agreement with 
the experimental data for the charge form factor of 6 Li. 

II. CONCLUSIONS 

In the present work we suggest a theoretical scheme for calculations of the charge density 
distribution and form factor of 6 Li in the framework of the a — d cluster model of this 
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nucleus. The obtained results can be summarized as follows: 



• Our calculations show a reasonable description of the charge form factor of 6 Li on the 
basis of a superposition of two density distributions: 

(a) a folding density obtained from 4 He and the deuteron charge densities, and 

(b) a sum of the 4 He and deuteron charge densities. 

Provided corresponding experimental data for both densities are used, the calculations 
show that a reasonable agreement with the data can be obtained when the weight 
of the folding density contribution is about 97.5 -j- 98.5% and the weight of the 
contribution from the sum of both densities is about 2.5 -j- 1.5%. 

• The scheme has only one free parameter (c\ or C2) with a clear physical meaning, 
namely, it is the weight of the one of the contributions to the density of 6 Li. 

• The behavior of the charge form factor of 6 Li for < q < 2.7 fin" 1 is determined 
mainly by the folding contribution of 4 He and the deuteron densities to the charge 
density of 6 Li (the weight of this contribution is about 97.5 98.5%). 

• The shell-model a — d cluster density of 6 Li (i.e. the sum of 4 He and the deuteron 
charge densities) is important (though with a small weight of about 2.5 4- 1.5%) in 
the central nuclear region and, correspondingly, it is responsible for the values of the 
charge form factor of 6 Li at large values of q (q ^ 3 fm" 1 ). 

• The calculated within the suggested scheme charge rms radius of 6 Li agrees with the 
experimental estimations of this quantity. 

• We would like to pay attention to the following facts: 

(a) the minimum of the experimental charge form factor of the deuteron is at q ~ 
4.2/m" 1 

11 



(b) the minimum of the experimental charge form factor of 4 He is at q rs 3.2/m 1 



(c) t 



ie minimum of the experimental charge form factor of 6 Li is at q « 2.9 fm 1 

Based on points (a) and (b), our estimations show that the 



18 



24 



25 



26 



latter minimum is determined mainly by the contribution of the charge density 
and the corresponding form factor of 4 He. 
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